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o  

@  Disclosed  is  a  high-frequency  intra-arterial  cardiac  sup- 
port  system  having  a  balloon  pump  (20)  which  may  be  posi- 
tioned  in  a  major  artery  downstream  of  a  natural  heart.  The  bal- 
loon  pump  comprises  a  pumping  balloon  (14),  of  small  dis- 
placement,  mounted  upon  and  cyclically  inflatable  and  debat- 
able  by  fluid  flow  through  catheter  (16)  having  a  lumen  leading 
to  the  outside  of  the  body.  The  balloon  pump  further  com- 
prises  a  valve  (15)  mounted  downstream  of  said  pumping  bal- 
loon.  The  system  further  comprises  a  control  and  drive  mech- 
anism  (18)  for  providing  cyclical  fluid  flow  to  said  lumen  of  said 
catheter  for  inflation  and  deflation  of  said  pumping  balloon.  The 
cyclical  flow  and  the  cyclical  inflation  and  deflation  occur  at  a 
frequency  which  is  at  least  three  times  the  normal  beating  fre- 
quency  of  the  natural  heart.  The  small  displacement  of  the 
pumping  balloon  is  much  smaller  than  the  normal  stroke  vol- 
ume  of  the  natural  heart. 
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HIGH-FREQUENCY  INTRA-  ARTERIAL  CARDIAC  SUPPORT  SYSTEM 

BACKGROUND  OF  THE  INVENTION 

1.  Field  of  the  I n v e n t i o n  

This  i nven t ion   r e l a t e s   g e n e r a l l y   to  temporary  ca rd iac   a s s i s t  

devices   used  to  a s s i s t   the  o p e r a t i o n   of  a  f a i l i n g ,   t r auma t i zed   o r  

i n f a r c t e d   hear t   for  a  l im i t ed   per iod  u n t i l   e i t h e r   the  h e a r t  

recovers   or  more  d e f i n i t i v e   t r ea tmen t   can  be  p rov ided .   In  

p a r t i c u l a r ,   it  r e l a t e s   to  s o - c a l l e d   i n t r a - a o r t i c   ba l loon  pumps. 

Such  a  pump  does  not  r equ i re   major  t h o r a c i c   surgery  to  c o n n e c t  

it  to  the  c i r c u l a t i o n   but  is  a  c o l l a p s i b l e   s t r u c t u r e   which  may  be 

in t roduced   into  an  e a s i l y   a c c e s s i b l e   large  a r t e r y ,   such  as  a 

femoral ,   and  may  then  be  guided  into  some  po r t ion   of  the  a o r t a ,  

usua l ly   the  t h o r a c i c   ao r t a ,   where  it  can  be  employed  to  a s s i s t  

the  l e f t   side  of  the  hea r t ,   the  side  most  f r e q u e n t l y   in  need  o f  

a s s i s t a n c e   and  the  d r iv ing   force  behind  the  sys temic   c i r c u l a t i o n .  

In  the  usual  " c o u n t e r p u l s a t i o n "   mode  of  employment,  the  b a l l o o n  

is  pneuma t i ca l l y   i n f l a t e d   during  d i a s t o l e   to  i nc rease   b l o o d  

p res su re   and  d e f l a t e d   during  s y s t o l e   to  lower  the  p r e s su re   l o a d  

upon  the  v e n t r i c l e .   This  device  and  i t s   mode  of  ope ra t i on   was 

desc r ibed   in  a  paper  by  Moulopolous,  Topaz  and  Kolff ,   " D i a s t o l i c  

Balloon  Pumping  in  the  Aorta  -  A  Mechanical  Ass i s t ance   to  t h e  

Fa i l i ng   C i r c u l a t i o n " ,   American  Heart  Journa l   (1962)  63,  p.  669. 

2.  Prior   Art  Problem 

Since  i n t r a - a o r t i c   bal loon  pumps  can  be  app l ied   w i t h  

r e l a t i v e l y   minor  surgery  and  f a i r l y   s t andard   vascu la r   c a t h e t e r -  

i z a t i o n   p rocedures ,   and  a f ford   some  usefu l   a s s i s t a n c e   to  the  l e f t  

hea r t ,   they  are  well  regarded.   However,  they  provide  much  l e s s  

pumping  a s s i s t a n c e   than  one  would  d e s i r e ,   for  at  l eas t   t h r e e  

reasons :   f i r s t ,   the  conven i en t l y   a v a i l a b l e   volume  within  t he  

aor ta   is  not  large  compared  to  the  des i red   s t roke   volume  of  t h e  
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hea r t ;   second,  the  n e c e s s i t y   to  avoid  occ lus ion   of  i m p o r t a n t  

a r t e r i e s   such  as  the  c a r o t i d s   and  r ena l s ,   and  erosion  of 

a t h e r o s c l e r o t i c   p laques ,   fu r the r   l im i t s   the  size  of  a  pump 

bal loon;   and  t h i r d ,   the  e l a s t i c   compliance  of  the  ao r t i c   w a l l s  

makes  the  e f f e c t i v e   pumping  d i sp lacement   of  the  bal loon  less  than  

i t s   geometric  d i sp lacemen t .   Many  inven t ions   have  been  a d d r e s s e d  

to  the  a l l e v i a t i o n   of  th is   problem:  For  example,  U.S.  Patent   No. 

3,504,662  to  R.T.  Jones  shows  how  to  a t t a i n   be t t e r   pump 

f lu id   dynamics,  and  U.S.  Patent   No.  3,692,018  to  Goetz  and  Goetz 

shows  how  to  d i r e c t   the  l imi ted   a v a i l a b l e   flow  predominant ly   t o  

the  c r i t i c a l   brain  and  heart   c i r c u l a t i o n s ,   s t i l l ,   there  is  no 

complete  s o l u t i o n   to  the  problem  of  adequate  pump  output .   Also ,  

since  the  c o u n t e r p u l s a t i o n   mode  r equ i r e s   s y n c h r o n i z a t i o n   with  t h e  

n a t u r a l   hea r t ,   there  is  a  f u r t he r   problem  when  the  a v a i l a b l e   ECG 

s igna l   is  weak,  uneven  or  missing,   as  may  occur  in  i l l   p a t i e n t s .  

SUMMARY  OF  THE  INVENTION 

It  is  t h e r e f o r e   the  p r i n c i p a l   objec t   of  th is   invent ion   to  

provide  an  i n t r a - a r t e r i a l   ca rd iac   support   system  which  can  f u l l y  

support   the  l e f t   heart   by  pumping  the  e n t i r e   s t roke  volume  of  the  

hear t   while  main ta in ing   a  low  s y s t o l i c   i n t r a v e n t r i c u l a r   p r e s s u r e .  

It  is  a  fu r the r   object   of  th is   inven t ion   to  provide  such  f u l l  

support   with  a  bal loon  pump  s t r u c t u r e   which  is  p h y s i c a l l y   s m a l l ,  

as  r equ i red   for  easy  i n s e r t i o n   and  safe  o p e r a t i o n .   F u r t h e r  

ob jec t s   of  th is   i nven t ion   are  to  provide  means  for  s i m i l a r  

support   to  the  r ight   heart   and  to  provide  means  for  s u p p o r t i n g  

c i r c u l a t i o n   even  when  the  heart   is  a tonic   or  f  i b r i l l a t i n g .  

According  to  th is   i nven t ion ,   the  des i red   ob jec t s   are  a t t a i n e d  

by  p o s i t i o n i n g   a  small  bal loon  pump,  provided  with  valve  means  on 

i ts   downstream  s ide,   in  a  major  a r t e r y   immediately  ad jacent   to  

the  hea r t ,   such  as  in  the  ascending  aor ta   between  the  a o r t i c  
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valve  and  the  ostium  of  the  innominate  a r t e r y ,   or  in  the ,  

pulmonary  t runk.   This  small  bal loon  pump  is  c y c l i c a l l y   i n f l a t e d  

and  d e f l a t e d   at  a  f requency  »uch  higher  than  tha t   of  the  b e a t i n g  
of  the  h e a r t ,   whereby  the  e j e c t e d   s t roke   volume  of  the  v e n t r i c l e  

is  pumped  away  by  s eve ra l   rapid  cycles   of  ba l loon  pumping.  O t h e r  

ob j ec t s   of  t h i s   i n v e n t i o n ,   as  well  as  the  means  for  a t t a i n i n g  

them,  are  set  fo r th   in  the  accompanying  S p e c i f i c a t i o n   and 

Drawings,  w h e r e i n :  

BRIEF  DESCRIPTION  Of  TBE  DRAWINGS 

FIG.  1  is  a  schemat ic   view  of  the  h i g h - f r e q u e n c y   i n t r a -  

a r t e r i a l   c a rd i ac   support   system  in  i t s   mode  of  employment  i n  

support   of  the  l e f t   h e a r t .  
* 

FIG.  2  is  a  c r o s s - s e c t i o n   view  of  a  p r e f e r r e d   embodiment  o f  

the  ba l loon  pump  of  t h i s   i nven t ion   as  used  in  the  mode  o f  

employment  i l l u s t r a t e d   in  Figure  1 .  

FIG.  3  is  a  schemat ic   view  of  the  h i g h - f r e q u e n c y   i n t r a -  

a r t e r i a l   c a rd i ac   support   system  in  i t s   mode  of  employment  i n  

support   of  the  r igh t   h e a r t .  

FIG.  4  is  a  c r o s s - s e c t i o n   view  of  a  p r e f e r r e d   embodiment  o f  

the  ba l loon   pump  of  t h i s   i nven t ion   as  used  in  the  mode  o f  

employment  i l l u s t r a t e d   in  Figure  3 .  

FIG.  5  is  a  t iming  diagram  i l l u s t r a t i n g   the  sequences  o f  

i n f l a t i o n   and  d e f l a t i o n   of  the  pa r t s   of  the  p r e f e r r e d   embodiment 

of  the  ba l loon   pump. 

FIG.  6  is  a  p e r s p e c t i v e   view  of  an  a l t e r n a t i v e   form  of  t h e  

valve  par t   of  the  ba l loon  pump. 

FIG.  7  is  a  s a g i t t a l   c r o s s - s e c t i o n   of  the  valve  shown  i n  

Figure  6,  in  the  plane  i n d i c a t e d   by  7  —  7  in  that   F i g u r e .  

FIG.  8  is  a  normal  c r o s s - s e c t i o n   of  the  valve  shown  in  F i g u r e  

6,  in  the  plane  i n d i c a t e d   by  8  —  8  in  that   F i g u r e .  
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DESCRIPTION  OF  THE  INVENTION  ^  

Reference  is  made  to  Figure  1,  which  is  a  schematic  view  of  

the  h igh - f r equency   i n t r a - a r t e r i a l   card iac   support   system  in  i t s  

mode  of  employment  in  support   of  the  l e f t   hea r t .   Left  v e n t r i c l e  

10  is  a s s i s t e d   by  bal loon  pump  20  located   in  ascending  aorta  11 

between  ao r t i c   valve  12  and  the  ostium  of  innominate  a r t e ry   13. 

Pump  20  comprises  pumping  bal loon  14  and  valve  15  downstream 

from  bal loon  14,  both  a t tached   to  two-lumen  c a the t e r   16  which  i s  

brought  ou ts ide   the  body  through  the  a r t e r i a l   t r e e ,   as  v i a  

subc lav ian   a r t e ry   17  in  the  F i g u r e .  

Pump  20,  as  seen  more  p a r t i c u l a r l y   in  Figure  2,  comprises  a 

shaped  hollow  tubular   body  of  thin  e l a s t o m e r i c   ma te r i a l   cemented 

to  two-lumen  c a t h e t e r   16  to  form  pumping  bal loon  14  and  valve  15. 

The  end  of  c a t h e t e r   16  is  c losed ,   and  the  end  of  bal loon  14  i s  

suppor ted ,   by  c losure   23,  which  may  advantageous ly   be  made  o f  

rad io-opaque   ma te r i a l   to  f a c i l i t a t e   placement  of  the  device.   The 

i n t e r i o r   of  pumping  bal loon  14  is  connected  f l u i d i c a l l y   to  one 

lumen  of  c a t h e t e r   16  by  holes  22,  and  the  i n t e r i o r   of  valve  15  i s  

connected  f l u i d i c a l l y   to  the  other  lumen  by  hole  21.  In  t h e  

Drawings,  dimensions  such  as  t h i c k n e s s e s   have  been  exaggera ted   in  

the  i n t e r e s t   of  c l a r i t y .  

Re fe r r ing   again  to  Figure  1,  it  is  seen  that   the  o u t s i d e  

diameter   of  valve  15,  when  e rec ted   by  i n f l a t i o n ,   should  be  j u s t  

s u f f i c i e n t   to  s u b s t a n t i a l l y   occlude  ascending  aorta   11,  and  t h e  

ou t s ide   diameter   of  pumping  bal loon  14  should  be  somewhat  l e s s .  

C l ea r ly ,   a  number  of  s izes   will   be  needed  to  f i t   the  p o p u l a t i o n  

of  p o t e n t i a l   p a t i e n t s ,   in  most  a d u l t s ,   the  ins ide   diameter  of  t h e  

ascending  aor ta   is  of  the  order  of  of  2.5  c e n t i m e t e r s ,   and  t h e  

a v a i l a b l e   length  for  the  bal loon  pump,  between  the  a o r t i c   va lve  

and  the  ostium  of  the  innominate  a r t e r y ,   is  of  the  order  of  5 .0  

c e n t i m e t e r s .  
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It  can  also  be  seen  that   two-lumen  c a t h e t e r   16  is  c o n n e c t e d  

to  c o n t r o l   and  drive  mechanism  18  which  c y c l i c a l l y   and 

i n d i v i d u a l l y   i n f l a t e s   and  d e f l a t e s   bal loon  14  and  e r ec t s   and 

c o l l a p s e s   valve  15  by  f lu id   flow  through  lumens  of  c a t h e t e r   16. 

The  elements  of  such  mechanisms  are  well  known  in  the  a r t ,   b u t  

the  o p e r a t i n g   parameters   of  the  mechanism  of  th i s   inven t ion   a r e  

qu i te   unusual ,   in  p a r t i c u l a r ,   the  f r e q u e n c i e s   of  i n f l a t i o n   and 

d e f l a t i o n   are  much  h igher ,   and  the  i n f l a t i o n   and  d e f l a t i o n  

volumes  are  much  lower,  than  those  of  p r ior   art   dev ices ,   as  w i l l  

be  set  fo r th   in  g r e a t e r   d e t a i l   h e r e i n b e l o w .  

Reference  is  now  made  to  Figure  3,  which  is  a  schematic   view 

of  the  h i g h - f r e q u e n c y   i n t r a - a r t e r i a l   ca rd iac   support   system  o f  

th i s   i nven t ion   in  i t s   mode  of  employment  in  support   of  the  r i g h t  

h e a r t .   Here,  r igh t   v e n t r i c l e   25  is  a s s i s t e d   by  bal loon  pump  20 

loca ted   in  pulmonary  trunk  26  just   downstream  from  pulmonary 

valve  27.  in  th is   a p p l i c a t i o n ,   it  is  p r e f e r a b l e   that   the  c a t h e t e r  

be  placed  in  the  venous  system,  leading  out  through  r i g h t  

v e n t r i c l e   25  and  supe r io r   vena  cava  28  and  a  b r a c h i o c e p h a l i c   v e i n  

29.  It  wil l   be  noted  that   valve  15  is  again  loca ted   downstream 

from  pumping  bal loon  14,  but  that   the  d i f f e r e n t   d i r e c t i o n   of  i 

approach  of  the  c a t h e t e r   r equ i r e s   that   the  valve  now  be  placed  a t  

the  far  end  of  the  assembly.   This  arrangement  is  shown  in  d e t a i l  

in  Figure  4,  where  s imi l a r   numbers  re fer   to  s imi l a r   elements  in  

the  arrangement  shown  in  Figure  2. 

Reference  is  now  made  to  Figure  5,  which  is  a  timing  d iagram 

i l l u s t r a t i n g   the  sequence  of  i n f l a t i o n s   and  d e f l a t i o n s   of  t h e  

pumping  bal loon  and  the  valve  of  the  p r e f e r r e d   embodiment  of  t h e  

ba l loon  pump  of  th is   i nven t ion .   Two  modes  of  ope ra t ion   are  shown, 

ca l l ed   r e s p e c t i v e l y   "cont inuous"   and  "bu r s t " .   In  each  case,  t h e  

l e t t e r   "B"  r e f e r s   to  the  pumping  bal loon  and  the  l e t t e r   "V" 

r e f e r s   to  the  valve.   Upward  d i sp lacement   of  a  t race   s i g n i f i e s  

5 
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inc reased   p r e s s u r e ,   or  i n f l a t i o n ,   and  downward  d i s p l a c e m e n t  

s i g n i f i e s   decreased  p r e s s u r e ,   or  d e f l a t i o n .   It  will   be  r e c o g n i z e d  

that   the  waveforms  shown  are  i l l u s t r a t i v e   only  of  t i m i n g  

r e l a t i o n s h i p s ,   and  that   ac tua l   bal loon  and  valve  p ressure   and 

flow  waveforms  will   be  qu i te   rounded,  approaching  the  s i n u s o i d a l  

for  high  f r equenc i e s   of  i n f l a t i o n   and  d e f l a t i o n .  

Examination  of  the  s o l i d - l i n e   "cont inuous   mode"  t r aces   o f  

Figure  5,  in  the  context   of  the  arrangements   shown  in  Figures  1 

and  3,  shows  that  in  each  case  the  phasing  of  the  motions  of  t h e  

pumping  bal loon  and  the  valve,   in  the  presence  of  the  n a t u r a l  

valves  of  the  hea r t ,   is  such  as  to  cause  p e r i s t a l t i c   pumping  o f  

the  blood  away  from  the  n a t u r a l   va lves ,   and  in  the  d i r e c t i o n   o f  

n a t u r a l   flow.  Cons ide ra t i ons   of  des i red   pumping  throughput   and 

a v a i l a b l e   space  for  the  bal loon  pump  i n d i c a t e   that  the  b a l l o o n  

pump  should  make  at  l eas t   three  pumping  cycles  for  each  beat  of  

the  hea r t ,   and  p r e f e r a b l y   more,  in  order  to  permit  a  smaller   and 

more  e a s i l y   i n s e r t e d   and  p o s i t i o n e d   bal loon  pump.  This  leads  t o  

the  rule  of  thumb  that  the  pumping  frequency  of  the  bal loon  pump 
must  be  at  l eas t   three  times  the  beat ing  frequency  of  the  h e a r t .  

If  it  is  des i red   to  unload  the  na tu ra l   v e n t r i c l e   c o m p l e t e l y ,  

one  may  employ  the  "burst   mode"  i l l u s t r a t e d   in  Figure  5,  in  which 

al l   the  pumping  cycles  of  the  bal loon  pump  are  accompl i shed  

during  the  period  of  n a t u r a l   s y s t o l e ,   c l e a r l y ,   in  order  to  

provide  at  l eas t   three  pumping  cycles  of  the  bal loon  pump  w i t h i n  

th is   shor tened   per iod ,   the  pumping  frequency  of  the  bal loon  pump 
must  be  co r r e spond ing ly   i nc reased .   Defining  the  s y s t o l i c   duty 

cycle  as  being  the  f r a c t i o n   of  the  t o t a l   h e a r t b e a t   p e r i o d  

occupied  by  the  s y s t o l i c   period  leads  to  a  rule  of  thumb  for  the 

burst   mode:  that  the  pumping  frequency  of  the  bal loon  pump  must 

be  at  l eas t   three  times  the  beat ing  frequency  of  the  h e a r t  

divided  by  the  s y s t o l i c   duty  c y c l e .  

> 
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If  it  is  des i red   to  i nc rease   pe r fus ion   of  the  c o r o n a r y  

a r t e r i e s   in  a  system  used  to  a s s i s t   the  l e f t   hea r t ,   one  may  make 

a  s l i g h t   m o d i f i c a t i o n   of  the  con t ro l   waveforms  as  i nd i ca t ed   by 

the  dashed  l ines   l a b e l l e d   "c"  in  Figure  5-  It  can  be  seen  t h a t  

the  e f f e c t   is  to  omit  a  d e f l a t i o n   of  the  valve  and  momentarily  t o  

impede  outflow  from  the  pump  during  i n f l a t i o n   of  the  pumping 

ba l loon ,   and  a p p l i c a t i o n   of  a  pulse  of  blood  p ressure   to  o s t i a   o f  

the  coronary  a r t e r i e s ,   such  as  the  one  shown  at  19  in  Figure  1. 

One  or  more  of  these  events  may  be  used  advantageous ly   at  t h e  

beginning  of  d i a s t o l e ,   as  shown  for  burs t   mode,  or  o c c a s i o n a l l y  

during  cont inuous   mode. 

Since  pump  throughput   is  e s s e n t i a l l y   p r o p o r t i o n a l   to  t h e  

product   of  pump  d i sp lacement   and  pumping  f requency,   it  f o l l o w s  

that   higher   pumping  f r e q u e n c i e s   permit  smal ler   pumps.  At  lower  

pumping  f r e q u e n c i e s ,   pump  throughput   is  l imi ted   l a r g e l y   by  f l u i d  

i n e r t i a   and  v i s c o s i t y   forces   in  the  c a t h e t e r ,   and  is  only  weakly 

dependent  on  pump  d i sp lacement   up  to  f r equenc i e s   at  which  b lood  

i n e r t i a   e f f e c t s   become  dominant;  th i s   leads  to  a  p r e f e r e n c e   f o r  

the  h ighes t   p r a c t i c a l   pumping  f requency.   Analysis   i n d i c a t e s   t h a t  

a  pumping  f requency  -of  1000  s t rokes   per  minute  is  a t t a i n a b l e ,   o r  

almost  14  times  the  nominal  adult   hear t   r a t e ,   using  helium  gas  

as  the  dr ive  f l u i d .   It  is  f u r t h e r   l i k e l y   that   a r t e r i a l   compl i ance  

e f f e c t s   may  be  less  pronounced  at  such  higher  f r e q u e n c i e s .   For 

one  example,  a  small  pumping  bal loon  of  only  7.5  ml  d i s p l a c e m e n t ,  

at  a  pumping  frequency  of  12  per  second  and  a  d i s p l a c e m e n t  

e f f i c i e n c y   of  75%  may  y ie ld   a  generous  4  l i t e r s   per  m i n u t e .  

At  higher   pumping  f r e q u e n c i e s ,   the  p r ec i s e   phase  r e l a t i o n s h i p  

between  the  i n d i v i d u a l   pumping  cycles   and  the  ca rd iac   cycle  i s  

qu i te   immate r i a l .   There fore ,   in  the  cont inuous   mode, 

s y n c h r o n i z a t i o n   with  the  EKG  is  unnecessa ry .   For  th is   r e a s o n ,  

when  used  b i l a t e r a l l y ,   th i s   system  can  support   c i r c u l a t i o n   even 

when  the  heart   is  a tonic   or  f  i b r i l l a t i n g   . 
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It  is  not  a b s o l u t e l y   necessary   to  use  an  e x t e r n a l l y - d r i v e n  

valve  in  order  to  accomplish  pumping.  Indeed,  some  pumping  a c t i o n  

can  be  observed  if  the  valve  be  simply  e rec ted   by  i n f l a t i o n   t o  

some  moderate  cons tant   p r e s s u r e ,   e s p e c i a l l y   if  a  l iqu id   be  used 

as  the  i n f l a t i n g   f l u id .   A  p r e f e r a b l e   arrangement  is  to  use  a  one-  

way  pass ive   check  valve,  severa l   of  which  have  been  suggested  in 

the  l i t e r a t u r e .   For  th is   purpose,   I  p re fe r   the  s t r u c t u r e   shown  in  

Figures  6,  7  and  8  which  are,  r e s p e c t i v e l y ,   a  p e r s p e c t i v e   view 

and  s a g i t t a l   and  normal  c r o s s - s e c t i o n s   of  my  p r e f e r r e d   p a s s i v e  

valve.  As  shown  in  the  F igures ,   it  is  an  u m b r e l l a - l i k e   s t r u c t u r e  

comprising  i n f l a t a b l e   r ibs  31  suppor t ing   a  f l e x i b l e   canopy  30, 

both  made  of  thin  e l a s t o m e r i c   m a t e r i a l .   The  s t r u c t u r e   is  mounted 

upon  and  cemented  to  two-lumen  c a t h e t e r   16,  and  the  r ibs  a r e  

f l u i d i c a l l y   connected  to  one  of  the  lumens  by  holes  24,  so  t h a t  

they  can  be  e rec ted   and  co l l apsed   by  f l u i d ,   p r e f e r a b l y   a  l i q u i d ,  

suppl ied   from  the  outs ide   through  a  lumen  in  the  c a t h e t e r .  

Given  the  foregoing  t e ach ing ,   those  s k i l l e d   in  the  art   t o  

which  th i s   invent ion   p e r t a i n s   may  r ead i ly   devise  f u r t h e r   or 

extended  embodiments.  For  example,  in  cases  where  one  or  more  o f  

the  valves  of  the  n a t u r a l   hear t   are  damaged  or  o t h e r w i s e  

incompetent ,   one  may  provide  the  bal loon  pump  with  an  a d d i t i o n a l  

valve  at  the  upstream  end,  e i t he r   an  e x t e r n a l l y - d r i v e n   valve  as 

shown  in  Figures  1  and  3,  driven  through  an  a d d i t i o n a l   c a t h e t e r  

lumen,  or  a  pass ive   valve  as  shown  in  Figures  6,  7  and  8.  Var ious  

other  f e a t u r e s   and  advantages  not  s p e c i f i c a l l y   enumerated  w i l l  

occur  to  those  versed  in  the  a r t ,   as  l ikewise   many  v a r i a t i o n s   of  

the  embodiments  which  have  been  i l l u s t r a t e d ,   al l   of  which  may  be 

achieved  without  depa r t ing   from  the  s p i r i t   and  scope  of  t h e  

inven t ion   as  defined  by  the  fol lowing  c l a i m s :  
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i  c i a i m :  

1.  A  h igh - f r equency   i n t r a - a r t e r i a l   ca rd iac   support  system 

comprising  a  bal loon  pump  which  may  be  p o s i t i o n e d   in  a  major 

a r t e ry   downstream  of  a  n a t u r a l   hea r t ,   said  balloon  punp 
comprising  a  pumping  ba l loon ,   of  small  d i sp l acemen t ,   mounted  upon 
and  c y c l i c a l l y   i n f l a t a b l e   and  d e f l a t a b l e   by  f lu id   flow  t h rough  
c a t h e t e r   having  a  lumen  leading  to  the  ou t s ide   of  the  body  and 

said  bal loon  pump  fu r the r   comprising  a  valve  mounted  downstream 

of  said  pumping  ba l loon ,   said  system  fu r the r   comprising  a  c o n t r o l  

and  drive  mechanism  for  p rovid ing   c y c l i c a l   f lu id   flow  to  s a i d  

lumen  of  said  c a t h e t e r   for  i n f l a t i o n   and  d e f l a t i o n   of  s a i d  

pumping  ba l loon ,   said  system  being  f u r the r   c h a r a c t e r i z e d   by: 
said  c y c l i c a l   flow  and  said  c y c l i c a l   i n f l a t i o n   and 

d e f l a t i o n   occur r ing   at  a  frequency  which  is  at  l eas t   t h r e e  

times  the  normal  beat ing  f requency  of  the  na tu ra l   hea r t ;   and 

said  small  d i sp lacement   of  said  pumping  bal loon  be ing  
much  smaller   than  the  normal  s t roke   volume  of  the  n a t u r a l  

h e a r t .  

2.  A  h igh - f r equency   i n t r a - a r t e r i a l   ca rd iac   support   system 

according  to  claim  1  operable   in  burs t   mode  wherein  said  c y c l i c a l  
f lu id   flow  occurs  mostly  during  s y s t o l e   of  the  n a t u r a l   hea r t  

said  c y c l i c a l   flow  and  said  c y c l i c a l   i n f l a t i o n   and  d e f l a t i o n  

occur r ing   at  a  f requency  which  is  at  l eas t   three   times  the  normal 

bea t ing   frequency  of  the  n a t u r a l   hea r t ,   d ivided  by  the  s y s t o l i c  

duty  c y c l e .  

3.  A  h igh - f r equency   i n t r a - a r t e r i a l   ca rd iac   support   system 

according  to  claim  1  in  which  said  f lu id   flow  is  flow  of  a  g a s .  

4.  A  h igh - f r equency   i n t r a - a r t e r i a l   ca rd iac   support  system 

according  to  claim  1  in  which  said  bal loon  pump  comprises  a 
f u r the r   valve  mounted  upstream  of  said  pumping  b a l l o o n .  
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5.  A  h igh- f requency   i n t r a - a r t e r i a l   card iac   support  sys tem 

according  to  claim  1  in  which  said  valve  is  a  c o l l a p s i b l e   one-way 

check  valve  d i r e c t i n g   blood  flow  away  from  the  na tu ra l   hea r t ,   and 

•the  diameter  of  said  valve,   when  e r ec t ed ,   is  just   s u f f i c i e n t   to  

s u b s t a n t i a l l y   occlude  said  major  a r t e r y .  

6.  A  h igh- f requency   i n t r a - a r t e r i a l   card iac   support   system 

according  to  claim  1  in  which  said  c a t h e t e r   has  a  fu r the r   lumen, 

said  valve  is  a  small  bal loon  of  i n f l a t e d   diameter  j u s t  

s u f f i c i e n t   to  s u b s t a n t i a l l y   occlude  said  major  a r t e ry   and 

e r e c t a b l e   and  c o l l a p s i b l e   by  i n f l a t i o n   and  d e f l a t i o n   through  s a i d  

fu r the r   lumen,  and  said  cont ro l   and  drive  mechanism  p r o v i d e s  

a  f u r t he r   c y c l i c a l   f lu id   flow  to  said  fu r the r   lumen  to  o p e r a t e  

said  valve  by  c y c l i c a l   i n f l a t i o n   and  d e f l a t i o n   in  s u i t a b l e   phase 

with  said  pumping  balloon  to  cause  pumping  of  blood  away  from  the 

na tu ra l   h e a r t .  

7.  A  h igh- f requency   i n t r a - a r t e r i a l   card iac   support   s y s t e m  

according  to  claim  6  and  conf igured   for  support  to  the  l e f t   h e a r t  

by  a  bal loon  pump  pos i t i oned   in  the  ascending  ao r ta ,   in  which 

occas iona l   d e f l a t i o n s   of  said  valve  are  o m i t t e d .  

8.  A  h igh- f requency   i n t r a - a r t e r i a l   card iac   support   s y s t e m  

according  to  claim  7,  operable   in  burst   mode  with  said  c y c l i c a l  

f lu id   flows  occurr ing   mostly  during  sy s to l e   of  the  n a t u r a l   h e a r t ,  

in  which  said  omitted  d e f l a t i o n s   of  said  valve  occur  near  the 

beginning  of  d i a s t o l e   of  the  n a t u r a l   h e a r t .  

10 
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9.  For  use  in  a  h igh - f r equency   m t r a - a r t e r   lal  cardiac   support  

system,  a  bal loon  pump,  for  p o s i t i o n i n g   in  a  major  a r t e r y  
downstream  of  a  na tu ra l   heart   and  comprising  an  e r e c t a b l e   v a l v e  

cont iguous   to  the  downstream  side  of  a  pumping  bal loon  mounted 

upon  a  c a t h e t e r   leading  to  the  ou t s ide   of  the  body,  said  pumping 
bal loon  being  c y c l i c a l l y   i n f l a t e d   and  d e f l a t e d   through  a  lumen  of 
said  c a t h e t e r   at  a  frequency  at  l eas t   three   times  the  normal 

bea t ing   frequency  of  the  na tu ra l   hea r t ,   said  valve  having  an 
e rec ted   diameter  just  s u f f i c i e n t   to  s u b s t a n t i a l l y   occlude  s a i d  

major  a r t e r y ,   and  said  pumping  bal loon  having  an  i n f l a t e d  

diameter  which  is  less  than  said  e rec ted   d i a m e t e r .  

10.  A  bal loon  pump  according  to  claim  9,  for  providing  s u p p o r t  
to  the  l e f t   heart   and  for  p o s i t i o n i n g   in  the  ascending  a o r t a  
between  the  a o r t i c   valve  and  the  ostium  of  the  innominate  a r t e r y ,  
wherein  said  pumping  bal loon  is  mounted  at  the  end  of  s a i d  
c a t h e t e r   and  coaxia l   t h e r e w i t h ,   said  valve  is  mounted  c o n t i g u o u s  
to  said  pumping  bal loon  upon  said  c a t h e t e r   and  coaxia l   t h e r e w i t h ,  
and  the  t o t a l   length  of  said  pumping  bal loon  and  said  v a l v e ,  
p a r a l l e l   to  said  c a t h e t e r ,   is  not  g rea t e r   than  the  d i s t a n c e  

between  said  a o r t i c   valve  and  said  o s t i u m .  

11.  A  bal loon  pump  according  to  claim  9,  for  p rovid ing   support   to 
the  r igh t   heart   and  for  p o s i t i o n i n g   in  the  pulmonary  t r u n k ,  
wherein  said  valve  is  mounted  upon  the  end  of  said  c a t h e t e r   and 

coax ia l   t h e r e w i t h ,   said  pumping  bal loon  is  mounted  cont iguous   to  

said  valve  upon  said  c a t h e t e r   and  coaxia l   t he r ewi th ,   and  the  

t o t a l   length  of  said  valve  and  said  pumping  ba l loon ,   p a r a l l e l   to 

said  c a t h e t e r ,   is  not  g r e a t e r   that   the  length  of  said  pulmonary 

trunk  . 
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